A streamlined strategy was developed to obtain a mixture of thapsigargins from the fruits of Thapsia garganica L. The mixture was resolved by RP-silica gel flash chromatography to provide, after trituration with ether, 0.32% thapsigargin (1a) as a white powder. A novel, complex phenylpropanoid (neohelmanthicin D, 2a) was also obtained, and its structure confirmed by semisynthesis.
The poisonous and irritant properties of the Mediterranan plant Thapsia garganica L. (family Umbelliferae) [1] have spurred research on its poisonous principle, the sesquiterpene lactone thapsigargin (TG, 1a) [2] . These studies have led to the discovery that TG acts as an ultrapotent inhibitor of SERCA (Sarco-Endoplasmic Reticulum Calcium ATPase), an enzyme critically involved in the cellular homeostasis of calcium [3] . As a result of these investigations, thapsigargin has become an essential tool to investigate cell function, while its anticancer potential as an endoplasmic reticulum stress-inducer did not go unnoticed, and led to the development of peptide conjugates that are under current pre-clinical investigation for the treatment of prostate cancer [4] .
Thapsigargin is one of the most important natural products for biomedical research, as cogently testified by the almost 6,000 entries it totalled in the PubMed database in less than two decades. Surprisingly, the isolation of thapsigargin has never been fully detailed in either the scientific or the proprietary literature. The purification of thapsigargin is far from trivial. This compound occurs in Thapsia species as a complex mixture of homologues, having similar polarity, and differing only by the acylation pattern of the 2-hydroxyl group [2] . Fourteen of them have been described so far from various species of Thapsia or chemotypes of T. garganica [2] , the most important being the bis-nor homologue thapsigargicin (TGC, 1b) [2] . This compound substantially shares the biological properties of thapsigargin, but the biological profile of other analogues is less known, and might significantly differ from that of the parent compound. Thus, the tetra-nor homologue thapsivillosin L (1c), shows the same potency as thapsigargin as a SERCA inhibitor, but is over one order of magnitude less cytotoxic than the parent compound [5] . In the framework of a medicinal chemistry project, it would therefore be important to have access to synthetic amounts of a single thapsigargin rather than to a mixture of analogues of similar, but not overlapping biological profile, while the availability of a single compound would be critical for drug development, securing a reproducible composition of the starting material for peptide conjugation. To address these issues, we have developed a multi-gram, expeditious isolation protocol for thapsigargin from the fruits of T. garganica is a prolific producer of secondary metabolites [2] , and the separation of thapsigargin from its homologues is complicated by the occurrence of unrelated compounds of similar polarity and chromatographic behaviour. Furthermore, chemotypes of T. garganica also exist, and only some of them accumulate thapsigargin to any considerable extent [2] . T. garganica is very common in Sardinia, where it invasively colonises vast areas of agricultural land. We were, therefore, delighted to discover large concentrations (>0.1%) of thapsigargicins in the Sardinian population of T. garganica. The thapsigargin/thapsigargicin ratio was found to be different in roots, leaves and fruits. Averaged values (over 5 different collections) of ca. 3:1, 5:1 and 7:1 were measured. Thus, the facility of purification and sustainability of the plant source combined to qualify fruits as the best source of thapsigargin.
We first investigated the composition of the fruits through a conventional phytochemical approach, and then streamlined this by an impurity annihilation strategy [6] to the isolation of a crude TG mixture, eventually resolved by flash chromatography on RP silica gel. Thus, an acetone extract of the fruits was separated by gravity column chromatography on silica gel into four major fractions, containing, in order of elution, a mixture of phenylpropanoid polyesters 2a-d [5] , the slovanolide 3 [7] , thapsigargins, and nortrilobolide 1d [8, 9] as major constituents. A range of further minor products was present in all fractions, but characterization of these was not pursued, being outside the aim of our project. It should be remarked, however, that the composition of the phenylpropanoid polyester fraction was different from that of the very recently reported collection of T. garganica from the Balearic islands [5] , which was characterised by the presence of the new neohelmanthicin (2a) in concentrations similar to those of its n-octanoyl-and n-hexanoyl homologues. Compound 2a was characterized by the presence of a C-10 acyl moiety, and was separated from its C-4, C-6, and C-8 lower homologues (2b-d, respectively) by preparative HPLC. The spectroscopic properties of 2a were very similar to those of 2b-d, apart from features diagnostic for the presence of a n-decanoyl moiety rather than a lower acyl moiety. The concentration of the phenylpropanoid esters was remarkable (ca 0.37% of dried plant material), but the isolation of pure products was only possible after a tedious HPLC purification. Since neohelmanthicins show a biological profile worth further investigation [5] , a practical protocol of semi-synthesis of single members of the class was developed. Thus, treatment of the mixture of esters with NaHCO 3 in 5% methanolic triethylamine, selectively removed the unfunctionalized, saturated acyl group, affording a single deacyl derivative (2e) as the major reaction product. This was then re-esterified under Steglich conditions (DCC, DMAP) to afford single ester derivatives. Semi-synthetic 2a-d could thus be easily obtained from the mixture of acyl derivatives without recourse to preparative HPLC. 
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Thapsigargins and the slovanolide 3 were difficult to separate efficiently by gravity column chromatography, but 3 could be easily purified after treatment of the mixture with triethylamine [10] , which caused the selective hydrolysis of the C-8 butanoyl residue of thapsigargin, but left 3 unscathed. 8-Deacylthapsigargin and 3 showed different polarity and could be efficiently separated by gravity column chromatography.
Given the complexity of the extract and its obnoxious properties, it was mandatory to develop a fractionation protocol capable of minimizing handling and expediting the isolation of a thapsigargins fraction. To this purpose, we developed an "impurity annihilation" strategy based on the removal of pigments and lipids by filtration through RP-silica gel, and degradation and/or irreversible adsorption on neutral alumina of slovanolide (3), a compound having chromatographic behaviour similar to that of thapsigargin, as well as of various phenolics and acidic impurities. Thus, the crude acetone extract from 1 Kg of powdered seeds (86 g) was dissolved in methanol, and the resulting green solution was vacuum-filtered over RP silica gel (ca. 3g/g of extract) to remove pigments and fats. The filtration bed was then washed with acetone to clean the expensive stationary phase, while the yellowish methanol filtrate was evaporated and fractionated by gravity chromatography on a short column of neutral alumina (ca. 10g/g of extract) to obtain a crude thapsigargin fraction as a pale yellowish oil, in ca. 1.6% yield of the dried plant material. When analyzed by HPLC [10] , this fraction turned out to contain three major compounds, thapsigargin, thapsigargicin and thapsivillosin J (1e) [12] in a ca. 6:1:0.1 ratio. The mixture could be efficiently resolved by flash chromatograpy on RP-silica gel, using methanol-water 3:1 as eluant, and monitoring the composition of the fractions by RP-TLC and/or analytical HPLC. After trituration with ether, thapsigargin (1a) (3.2 g, 0.32%) was eventually obtained as a white, amorphous powder having an HPLC chromatographic purity of >97% and 1 H and HPLC-MS features identical with an authentic commercial standard [13]. The 1 H and 13 C NMR spectra of the thapsigargins 1a,b and 1e were fully assigned based on a combination of 1D and 2D (COSY, HMBC, HMQC) techniques, and are reported in the Experimental Section. Only assignments of the ester groups and averaged assignments for the terpenoid moiety were previously available in the literature for these compounds [12] . Comparison of the NMR spectra of TG and TGC showed only minor differences, within 0.05 ppm for the 1 H NMR and 0.40 ppm for the 13 C NMR spectra. The major differences were observed for the signals of H-9 (Δδ 0.05 ppm) and C-1 (Δδ = 0.36 ppm). Remarkably, the signals of H-9a,b were also those that differed mostly between 1e (δ 3.01 and 2.25) and 1a(b) [δ 2.93(2.97), 2.35(2.40)].
In conclusion, we have developed an expeditious protocol to obtain thapsigargin (1a) of high purity from the seeds of T. garganica of Sardininan origin, devising also a convenient semi-synthetic entry into the complex phenylpropanoid esters of this plant. Owing to the existence of different chemotypes of T. garganica, the protocol might need revision when applied to a plant material of different origin, but its basic principles should find broad application for the purification of this important natural product.
Experimental
Extracts of T. garganica show potent irritant activity on skin and mucous membranes, and should be manipulated only by trained personnel equipped with face and hand protection. Glassware contaminated with either the extracts or with thapsigargins should be treated overnight with 5% NaOH before washing.
Phytochemical study of the fruits of T. garganica L.:
Dried powdered fruits (532 g, collected in July 2005 at San Basilio, CA, Voucher GA001) were extracted with acetone (2 x 6 L). Removal of the solvent left a dark green gum (52 g, 9.8%) that was fractionated by gravity column chromatography on silica gel (350 g) using a light petroleum-EtOAc gradient (from 95:5 to 7:3). The eluates were combined, based on TLC analysis, into four main fractions, containing as major constituents a mixture of the phenylpropanoid diesters 2a-d (Fraction A, 1.82 g, 0.37%), the slovanolide 3 (contaminated with thapsigargins, ca. 30% from 1 H NMR spectroscopy, Fraction B, 5.1 g, 1.2%), thapsigargins (Fraction C, 13 g, 2.6%), and nortrilobolide 1d (5.8 g, 1.2%). An analytical standard of the phenylpropanoids 2a and 2b was obtained by prep HPLC on silica gel (light petroleum-EtOAc 8:2 as eluant). Compounds 2c and 2d could not be properly separated under these conditions. The slovanolide 3 was purified from thapsigargin by treatment with 5% methanolic triethylamine (100 mL/g, room temp, 72 h). After neutralization, a mixture of unreacted 3 and deacylthapsigargins was obtained and separated by gravity column chromatography on silica gel, (light petroleum-EtOAc 9:1 as eluant). An analytical sample of nortrilobolide (1d) was obtained by prep HPLC on silica gel (Kromasil 100-10sil Chrom), using light petroleum-EtOAc 6:4 as eluant. 
CI-EIMS: m/z [M+ H] + 565 [C 30 H 44 O 10 + H] + .

Partial hydrolysis and semisynthesis of the phenylpropanoid mixture 2a-d (Fraction A)
Semisynthesis of 2a as exemplification:
To a solution of fraction A (350 mg) in MeOH 35 mL), triethylamine (1.75 mL) and NaHCO 3 (350 mg) were added. After stirring the suspension at room temperature for 7 days, the reaction was worked up by filtration over Celite, neutralized with 2N H 2 SO 4 , concentrated, and partitioned between brine and EtOAc. The organic phase was dried (Na 2 SO 4 ), and evaporated. The residue was purified by gravity column chromatography on silica gel (light petroleum-EtOAc 8:2 as eluant) to afford 35 mg of unreacted starting mixture and 70 mg of 2e, that was dissolved in CH 2 Cl 2 (5 mL) and treated with decanoic acid (147 mg, 0.86 mmol, 5 mol. equiv.), DCC (177 mg, 0.86 mmol, 5 mol. equiv) and DMAP (10 mg). After stirring at room temperature for 48 h, the reaction was worked up by filtration and evaporation. The residue was purified by gravity column chromatography on alumina to retain the excess acid, to afford 37 mg (38%) of 2a, as a colourless oil.
Streamlined isolation of thapsigargin from the fruits of T. garganica:
The dark green acetone extract from 1000 g of fruits (86 g) was dissolved in MeOH (344 mL) and filtered over a pad of RP-18 silica gel (260 g). The filtration bed was next washed with further MeOH (60 mL) and finally with acetone (600 mL). The pooled methanol filtrates were evaporated to afford 74 g of a yellowish residue that was fractionated by neutral alumina (370 g) gravity column chromatography, using a light petroleum-EtOAc gradient (from 98:2 to 5:5). Fractions containing thapsigargins, eluted with light petroleum-EtOAc 8:2, were pooled and evaporated to afford 16 g of a nearly colourless oil. This was finally resolved by RP-18 flash chromatography, using methanolwater 75:25 as eluant and 400 g of stationary phase. Fractions were checked by TLC on RP-18 silica gel (methanol-water 8:2, Rf TG: 0.12; Rf TGC: 0.16; RF 1e: 0.19) or by HPLC on a RP-18 column (Symmetry C18, 5 m, 4.6 x 150 mm, Waters) using methanolwater 80:20 as eluant, Rt TGC: 6.2 min; Rt TG: 10.5 min; Rt 1e: 4.5 min.). After concentration, the fractions were extracted with CH 2 Cl 2 and evaporated to dryness. The residue from the TG fractions was triturated with ether to afford 3.2 g (0.32%) 1a and 0.44 g (0.044%) 1b, whilst thapsivillosin J (1e (0.042 g, 0.0044%).) was obtained as an amorphous gum. 
